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Abstract Novel non-natural amino acids carrying a dansyl
£uorescent group were designed, synthesized, and incorporated
into various positions of streptavidin by using a CGGG four-
base codon in an Escherichia coli in vitro translation system.
2,6-Dansyl-aminophenylalanine (2,6-dnsAF) was found to be
incorporated into the protein more e⁄ciently than 1,5-dansyl-
lysine, 2,6-dansyl-lysine, and 1,5-dansyl-aminophenylalanine.
Fluorescence measurements indicate that the position-speci¢c
incorporation of the 2,6-dnsAF is a useful technique to probe
protein structures. These results also indicate that well-designed
non-natural amino acids carrying relatively large side chains can
be accepted as substrates of the translation system.
+ 2004 Published by Elsevier B.V. on behalf of the Federation
of European Biochemical Societies.
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1. Introduction
Incorporation of non-natural amino acids into proteins is a
powerful and versatile technique for protein structural and
functional analyses. A number of researchers have synthesized
proteins containing non-natural amino acids at desired posi-
tions by using an amber suppression technique [1^10]. We
have developed a four-base codon technique to introduce
non-natural amino acids into proteins with high e⁄ciency
[11^13]. Incorporation of various non-natural residues has
been examined, and we have found that non-natural amino
acids with vertically extended side groups are good substrates
for translation systems [12].
One of the most important applications of this technique is
to probe protein structures. So far, external £uorescent groups
have been incorporated into proteins by chemical modi¢ca-
tion, although the chemical technique su¡ers the disadvan-
tages that the modi¢cation is not su⁄ciently speci¢c and
quantitative. Quantitative modi¢cation may not be accom-
plished even in the case of a highly selective modi¢cation of
cysteine residue with maleimide derivatives. We have reported
the position-speci¢c and quantitative incorporation of rela-
tively small £uorescent non-natural amino acids into proteins,
and showed that the method is useful to probe protein struc-
tures [14,15]. Here, we report the incorporation of a non-nat-
ural amino acid carrying a relatively large dansyl group, and
show the usefulness of the dansylated non-natural amino acid
to probe protein structures.
A dansyl group is a common £uorescent probe for probing
protein structures. It shows strong and environmentally sensi-
tive £uorescence compared with anthraniloyl and anthryl
groups successfully incorporated into proteins in our previous
studies [14,15]. Incorporation of O-1,5-dansyl-lysine (1,5-
dnsLys) into proteins through the amber suppression has
been examined [16,17], but unfortunately 1,5-dnsLys is a
poor substrate of an Escherichia coli protein synthesis system.
The suppression yield was below 5% when 1,5-dnsLys was
incorporated into T4 lysozyme [16] and L-galactosidase [17].
The protein synthesis system may reject this amino acid be-
cause of its widely expanded dansyl group. We have found
that aromatic non-natural amino acids with vertically ex-
tended side groups are good substrates of protein synthesis
systems [12]. In this study, alternative dansylated amino acids
were designed, synthesized, and incorporated into proteins.
Fluorescence analysis of proteins containing the dansylated
amino acid at speci¢c positions was also investigated.
2. Materials and methods
2.1. Materials
K-Boc-4-aminophenylalanine was purchased from Bachem, and K-
Boc-lysine was from Sigma, 1,5-dansyl chloride was from Tokyo Ka-
sei, and 2,6-dansyl chloride was from Molecular Probes. Anti-T7 tag
antibody, biotinylated alkaline phosphatase, and TALON metal a⁄n-
ity columns were obtained from Novagen, Calbiochem, and Clontech,
respectively.
2.2. Chemical synthesis of dansylated aminoacyl-pdCpA
Dansyl-lysine derivatives were synthesized as follows. To 10.4 mg of
K-Boc-lysine in 120 Wl of water and 120 Wl of dimethylformamide
(DMF), 2,6-dansyl chloride (10.7 mg) in 120 Wl of DMF and 5 Wl
of triethylamine were added in an ice bath. After 4 h stirring on ice,
the reaction mixture was diluted with ethyl acetate and washed with
5% KHSO4 and then saturated NaCl. The organic phase was dried
over MgSO4, and solvent was evaporated. The resulting product was
dried under vacuum to yield 12.0 mg of yellow material. The cyano-
methylation of the dansyl-lysine was done by adding chloroacetoni-
trile (60 Wl) and triethylamine (8 Wl) in 400 Wl of acetonitrile. After 24 h
stirring at room temperature, the reaction mixture was diluted with
ethyl acetate and washed with 4% NaHCO3, 5% KHSO4, and then
saturated NaCl. The organic phase was dried over MgSO4, and sol-
vent was evaporated. The resulting product was dried under vacuum
to yield 13.7 mg (65%) of yellow material. Aminoacylation of pdCpA
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was carried out as previously described. K-Boc-O-(2,6-dansyl)-lysine
cyanomethyl ester (1.1 Wmol) was added to pdCpA (0.22 Wmol) in 5 Wl
of DMF, and the resulting solution was incubated at 37‡C for 18 h.
The reaction was monitored by reverse-phase high performance liquid
chromatography (Waters WBondasphere C18, £ow rate 0.6 ml/min,
linear gradient of 0.1 M AcONH4 pH 4.5 to MeOH over 50 min).
The Boc-protected aminoacyl-pdCpA was collected as a precipitate by
adding ether, washed with ether and then dried. To remove the Boc
group, the product was dissolved in 100 Wl of tri£uoroacetic acid
(TFA) and the resulting solution was incubated for 10 min on ice.
TFA was £ushed o¡ with N2 gas, and the resulting pellet was washed
with ether. 1,5-Dansyl-lysyl-pdCpA was obtained in a similar manner.
The products were identi¢ed by mass spectroscopy (Mariner ESI-TOF
mass spectrometer). 2,6-Dansyl-lysyl-pdCpA: calcd for C37H49O16
N11SP2 (M3H3) 996.2477; found 996.2394. 1,5-Dansyl-lysyl-pdCpA:
calcd for C37H49O16N11SP2 (M3H3) 996.2477; found 996.2521.
Dansylated aminophenylalanine derivatives were synthesized as fol-
lows. To 5.0 mg of K-Boc-4-aminophenylalanine in 250 Wl of 2%
aqueous NaHCO3 and 125 Wl of 1,5-dioxane, 2,6-dansyl chloride
(10.7 mg) in 125 Wl of acetonitrile and 25 Wl of DMF were added in
an ice bath. After 2 h stirring at room temperature, the reaction
mixture was diluted with water and washed with ethyl acetate to
remove unreacted dansyl chloride. The aqueous layer was acidi¢ed
with 5% KHSO4 and the product was extracted with ethyl acetate.
After washing with saturated aqueous NaCl, the organic phase was
dried over MgSO4, and solvent was evaporated. The recrystallization
was done with ethyl acetate and n-hexane to yield 7.8 mg of K-Boc-O-
(2,6-dansyl)-aminophenylalanine. Cyanomethylation and aminoacyla-
tion reactions were done as described above. 2,6-Dansyl-aminophe-
nylalanyl-pdCpA: calcd for C40H47O16N11SP2 (M3H3) 1030.2319;
found 1030.2307. 1,5-Dansyl-aminophenylalanyl-pdCpA: calcd for
C40H47O16N11SP2 (M3H3) 1030.2319; found 1030.2278.
2.3. In vitro translation
Dansylated aminoacyl-pdCpA was coupled with a tRNA(-CA) con-
taining the CCCG anticodon by using T4 RNA ligase as described
previously [12]. In vitro translation was carried out by adding the
aminoacyl-tRNACCCG and a streptavidin mRNA containing a
CGGG codon at speci¢c positions into an E. coli S-30 system (Prom-
ega, for linear templates). The streptavidin gene was fused with a T7
tag and a histidine tag at the N- and C-termini, respectively. The
product was analyzed by Western blotting using anti-T7 tag antibody.
Incorporation e⁄ciency of each dansylated amino acid was quanti¢ed
by comparing the band intensity of the full-length streptavidin ob-
tained in the presence of the dansylated aminoacyl-tRNA to those
of serially diluted wild-type streptavidin. The biotin binding activity
was evaluated by a dot blot analysis using a biotinylated alkaline
phosphatase as described previously [12].
2.4. Fluorescence measurement
The reaction mixture (50 Wl) of the in vitro translation was applied
to a TALON metal a⁄nity column (15 Wl) equilibrated with a phos-
phate bu¡er (50 mM sodium phosphate, 300 mM NaCl, pH 7.0). The
column was washed with a phosphate bu¡er containing 5 mM imida-
zole (total 7 ml), and then the full-length streptavidin was eluted with
a phosphate bu¡er containing 0.5 M imidazole and 0.1% PEG8000
(30 Wl). The eluate was diluted 10 times with a phosphate bu¡er
containing 0.02% PEG8000, and the £uorescence spectrum was re-
corded on a Spex Jobin-Yvon Fluoromax-2. The slit width was 1.5
nm for excitation and 5 nm for emission.
3. Results and discussion
3.1. Incorporation of dansylated amino acids into a protein in
an E. coli in vitro translation system
Fig. 1 shows structures of newly designed dansylated amino
acids. We have found that non-natural amino acids with lin-
early extended aromatic side chains such as p-biphenyl and p-
phenylazophenyl groups are good substrates of an E. coli in
vitro translation system [12]. According to this information, p-
aminophenylalanine was employed as the building block.
Dansylated aminophenyl residues are expected to be accepted
as substrates by an E. coli in vitro translation system because
of their linearly extended side chain structures. In addition to
a conventional 1,5-dansyl group, a 2,6-dansyl group was con-
sidered, since the structure will be more favored by the trans-
lation system. For comparison, lysine derivatives of the two
dansyl groups were also examined.
Incorporation of these dansylated amino acids into proteins
was tested by using a streptavidin expression system devel-
oped previously [11,12]. A streptavidin gene containing a
CGGG codon at position Tyr83 was employed in this system.
When the CGGG codon was decoded by the tRNACCCG ami-
noacylated with non-natural amino acids, a full-length strep-
tavidin is synthesized. On the other hand, when the amino-Fig. 1. Structures of dansylated amino acids.
Fig. 2. Incorporation of dansylated amino acids into streptavidin by
using a CGGG four-base codon. The in vitro translation products
were analyzed by Western blotting using anti-T7 tag antibody (a).
The incorporation e⁄ciency was evaluated by comparing band in-
tensities of the full-length streptavidin with serially diluted wild-type
streptavidin (b). The data are represented as meansRS.D. of at least
three assays.
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acyl-tRNACCCG was not accepted by the translation system, a
CGG sequence is decoded as arginine and the reading frame
shifts to a +1 direction, which causes an irregular termination
of peptide elongation at a stop codon downstream. Thus, the
incorporation of the non-natural amino acid into position
Tyr83 gives full-length streptavidin containing the amino
acid and an undesired three-base decoding gives a truncated
protein.
Fig. 2a shows the result of Western blotting of the in vitro
translation. The full-length streptavidin observed around 20
kDa was obtained in the presence of dansylated aminoacyl-
tRNAs, whereas no full-length streptavidin was obtained in
the absence of the tRNA. This result indicates that the dansy-
lated amino acids are incorporated into streptavidin. The in-
corporation e⁄ciency of the dansylated amino acids, however,
strongly depends on the structure of their side chains. The
relative yield of the full-length streptavidin obtained in the
presence of the aminoacyl-tRNA was determined by compar-
ing the band intensity of the full-length product with those of
serially diluted wild-type streptavidin as described previously
[12]. The results are summarized in Fig. 2b. The most e⁄cient
substrate was 2,6-dansyl-aminophenylalanine (2,6-dnsAF,
17%). On the other hand, 1,5-dansyl-aminophenylalanine
(1,5-dnsAF) was a poor substrate (7%). Lysine modi¢ed
with a 1,5-dansyl group (1,5-dnsLys) was also unfavorable
(5%) as reported for the amber suppression [16,17]. Lysine
modi¢ed with a 2,6-dansyl group (2,6-dnsLys) was not incor-
porated (5%) as e⁄ciently as 2,6-dnsAF.
The result that 2,6-dnsAF is incorporated into streptavidin
with relatively high yield indicates that 2,6-dnsAF is a pref-
erable substrate of the in vitro translation system as expected.
The ine¡ectiveness of 1,5-dnsAF suggests that a small di¡er-
ence in side chain structure causes a signi¢cant in£uence on
amino acid recognition of the translation system. Both types
of dansylated lysine were not accepted as substrates for the
translation system, indicating that the benzene ring in 2,6-
dnsAF is another important factor in the amino acid recog-
nition. It had been reported that puromycin analogs contain-
ing phenylalanine and tyrosine instead of O-methyltyrosine
showed higher activity than a lysine analog [18]. The ribosom-
al A-site may prefer amino acids carrying aromatic rings to
those carrying alkyl chains. The result that 2,6-dnsLys was
Fig. 3. Incorporation of 2,6-dnsAF into various positions of streptavidin. The expression of full-length streptavidin containing 2,6-dnsAF was
examined by Western blot analysis (a), and the biotin binding activity was evaluated by a dot blot analysis using a biotinylated alkaline phos-
phatase (b).
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poorly incorporated even though it contained the linearly ex-
tended 2,6-dansyl group can be explained in terms of this idea.
Then, 2,6-dnsAF was incorporated into various positions of
streptavidin. A series of streptavidin mRNAs containing the
CGGG codon at 24 di¡erent positions were translated in the
in vitro translation system in the presence of 2,6-dnsAF-
tRNA. The expression of the dansylated streptavidin was con-
¢rmed by Western blotting using anti-T7 tag antibody. As
shown in Fig. 3a, a full-length streptavidin was produced at
all positions, indicating that streptavidin mutants containing
2,6-dnsAF at respective positions were successfully synthe-
sized. The densitometric analysis of the band indicated that
the relative yields of the full-length streptavidins containing
2,6-dnsAF were 10^30%, with respect to the wild-type. The
biotin binding activities of these products were evaluated by
dot blotting using a biotinylated alkaline phosphatase [12].
The results shown in Fig. 3b indicate that the streptavidin
mutants containing 2,6-dnsAF at positions L25, Y43, E44,
E51, W75, W79, Y83, R84, Y92, W120, L124, and D128
retained strong or relatively strong biotin binding activity.
These positions are located at surface regions of the L-barrel
structure or at an interface region of a biotin binding pocket.
Other mutants showed no or very low activity, suggesting that
the incorporation of 2,6-dnsAF disturbs the binding of biotin
or the folding of the streptavidin structure.
3.2. Fluorescence analysis of streptavidin containing 2,6-dnsAF
The 2,6-dnsAF mutants of streptavidin were puri¢ed and
their £uorescence was measured to evaluate the feasibility of
2,6-dnsAF as a £uorescence probe. To this end, Y43, E44,
E51, W75, W79, W120, and L124 mutants were chosen. Since
the full-length streptavidin has a histidine tag at the C-termi-
nus, it can be easily puri¢ed by using a metal a⁄nity column.
Fluorescence spectra of the seven dansylated streptavidin
mutants are shown in Fig. 4. As shown in Fig. 4a, the dansyl
£uorescence was observed in all mutants, but Vmax of the £uo-
rescence di¡ered. It should be noted that the £uorescence in-
tensity was not quantitative because the concentration of the
proteins varied depending on the puri¢cation yield. As shown
in Fig. 4b, the £uorescence wavelength of 2,6-dnsAF is sensi-
tive to its environment. The Vmax value shifted to a longer
wavelength, from 428 nm in ethanol (dielectric constant = 24)
to 453 nm in phosphate bu¡er (dielectric constant = 80). Thus
the blue-shifted £uorescence observed in the cases of positions
W75, W79 and L124 suggests that these positions are rather
hydrophobic. The X-ray crystallographic structure of apo-
streptavidin (PDB: 1SWB, Fig. 5) [19] supports this result.
On the other hand, E44, E51, and W120 mutants showed
red-shifted £uorescence, suggesting that these residues are ex-
posed to an aqueous solvent. These residues are located at the
surface in the 3D structure, supporting the red-shifted £uo-
rescence (Fig. 6). In the case of position Y43, a red-shifted
£uorescence is observed, whereas this residue is located in an
inner hydrophobic region. The hydroxyl group of Y43, how-
Fig. 4. a: Fluorescence spectra of streptavidin containing 2,6-dnsAF
at seven di¡erent positions in phosphate bu¡er pH 7. Vex = 330 nm.
b: Dependence of Vmax of dansyl £uorescence of free 2,6-dnsAF on
dielectric constant in 100, 50, 25, and 0% ethanol in phosphate bu¡-
er (a). The Vmax of dansyl £uorescence of streptavidin mutants was
¢tted to the dependence (b).
Fig. 5. Three-dimensional structure of apo-streptavidin (PBD:
1SWB). Residues where 2,6-dnsAF was incorporated in this study
are represented as a space¢ll model.
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ever, is located at a cavity region in apo-streptavidin. The
dansyl group may be exposed to solvent through this cavity.
Fluorescence resonance energy transfer from tryptophan to
the dansyl group was observed in all cases. Because strepta-
vidin has six tryptophan residues in a monomer unit, multiple
energy transfer may occur and no simple interpretation was
given. Monitoring the £uorescence change induced by biotin
binding was also examined, but quenching of dansyl £uores-
cence by the addition of biotin was observed and further in-
formation was not obtained.
4. Conclusions
Dansylated non-natural amino acids were designed, synthe-
sized and incorporated into streptavidin using a CGGG four-
base codon. Among four di¡erent amino acids, we found that
2,6-dnsAF was the most e⁄cient substrate of the in vitro
translation system. This is the ¢rst example of e⁄cient incor-
poration of a relatively large dansylated amino acid into pro-
teins. 2,6-dnsAF was then incorporated into various positions
of streptavidin, and £uorescence measurements were carried
out for the mutants that retained biotin binding activity. The
Vmax of the dansyl £uorescence re£ected the microenvironment
of the probe positions. This work shows that the position-
speci¢c incorporation of 2,6-dnsAF is a useful technique to
probe protein environments.
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